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The WOA94 sea surface temperature shows a predominantly zonal distribution over the 
southern mid-latitudes (figure 2.6). The heat-advection influence of the southward flowing 
Agulhas and Leeuwin currents is apparent in the ‘dipping’ isotherms near the African and 
Australian coasts. North of the equator surface isotherms run in a north-east to south-west 
direction in the western Arabian Sea. The warmest waters occur near the equator, adjacent 
to Indonesia and in the central north Indian Ocean.   
  WOA94 sea surface salinity shows a similar zonal pattern to temperature in the 
southern mid-latitudes (figure 2.6). North of the equator, values either side of the Indian 
peninsular are split between freshwater inputs in the east and freshwater loss in the west. 
The freshwater input in the east is most likely river run-off from the Asian continent. The 
high salinity in the west arises from evaporation over the Arabian Sea and saltwater input 
from the Red Sea and Persian Gulf. 
  The first-guess (NCEP) January winds (figure 2.7a) show strong north-easterlies in 
the north, which are typical of the winter monsoon (see chapter 1). Strong south-easterly 
winds are adjacent to the Australian coast and extend over the ocean interior. There is also 
a  low-pressure  synoptic  weather  system  off  the  coast  of  Madagascar.  The  July  winds 
(figure 2.7c) show weaker and less coherent winds in the north, though there is some 
evidence of the south-westerlies associated with the summer monsoon.  Further south, the 
low-pressure system seen in the January data has moved eastward over the ocean. The 
southern  mid-latitudes  show  a  wind-direction  distribution  for  July  that  is  similar  to 
January.  
                                                                                         Chapter 4: Decadal variability in the deep circulation? 
_______________________________________________________________________________________ 
  63 
depth-mean  flow),  so the  difference  between  the  flow  fields  must  be  primarily  due  to 
differences  in  their  vertical  structure.  The  reconstructed  velocity  fields  are  strikingly 
different from the ECCO velocity, which shows broad, relatively weak velocities rather 
than the intense ‘stripy’ flow fields of the observations.      
The  cumulative  transports of  the  reconstructed flow  fields  (figure  4.6),  show  a 
weaker Agulhas Current transport in 2002 than 1987. This is due to the weaker horizontal 
gradients in θ and S in 2002, which lead to a less intense southward flow under a similar 
barotropic  flow  regime.  The  1987  reconstruction  is  in  qualitative  agreement  with  the 
accepted view of the Indian Ocean MOC: there is a net northward transport below 2200m 
and southward transport in the upper 1335m. The deep inflow is 16 Sv, which is consistent 
with the estimate of MacDonald [1998] and within 1 Sv of the range estimated by Robbins 
and  Toole  [1997]  and  Ganachaud  [2003a].    The  2002  section  however,  shows  a  net 
southward flow below 2200m and net northward flow above this depth. This is a complete 
reversal of the accepted picture of the Indian Ocean MOC. This net flow regime arises 
because of the combination of the smoothly varying barotropic flow field from the ECCO 
model and some exceptionally strong horizontal gradients observed near 105°E in the 2002 
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large barotropic signal, with wave-like structures that persist over 100s of km. Despite this 
difference, the zonally integrated transports for 1987 and 2002 are qualitatively consistent.  
When applied as the southern boundary condition the 2002 estimate produces a 
much  larger  overturning  in  the  model  ocean  interior  than  the  1987  estimate.  The 
overturning estimate is 6 Sv for 1987 and 16 Sv for 2002. The 1987 overturning is largest 
near the southern boundary and confined above 2500m north of about 28°S. The 2002 
overturning shows the peak value at about 30°S and occupies a large depth range for the 
entire  region  south  of  the  equator.  As  well  as  these  changes  in  the  zonally-integrated 
circulation, we also observe changes in the zonal structure of the deep circulation. The 
main area of deep northward flow for 1987 is in the Perth and West Australian Basins, 
with additional northward flow in the Madagascar Basin and southward flow in the Central 
Indian  Basin.  For  2002  the  main  area  of  deep  northward  flow  has  switched  to  the 
Madagascar Basin, with a relatively weak northward flow in the Perth Basin. For 2002, 
northward  flow  in  the  Central  Indian  Basin  also  contributes  to  the  larger  overturning 
circulation. 
One  is  naturally cautious about extrapolating the  model results  here to the real 
world, particularly in light of the much greater barotropic signal in the 2002 estimate of the 
flow field near 32°S. From equation 4.1 we know that interaction between the barotropic 
flow and topography can contribute to an overturning circulation. However, it should be 
remembered that the southern boundary flow field is ‘dynamically smoothed’ over the first 
3 model grid cells, over which the topography is held constant. We therefore conclude that 
the Indian Ocean may be capable of supporting different deep flow regimes on decadal 
time scales. This model work suggests that the deep MOC of the Indian Ocean may have 
changed between 1987 and 2002.  
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The FM  meridional overturning circulation  is characterised  by an 18 Sv cell  at 
3500m, which penetrates the basin to about 10°N (figure 5.4). The zonal structure of the 
transport reveals that the deep inflow is mainly confined to the east, in the Perth Basin 
(figure 5.4). Due to the nature of the model bathymetry, this is the only location where 
such a deep inflow is not blocked by topography near 30°S (figure 5.1). In the first year of 
integration all experiments have a very similar overturning to figure 5.4. It is only after a 
few years that the different diapycnal mixing regimes cause the model states to diverge. 
In all model experiments there is a decrease in the overturning strength over the 
first  few  decades  (figure  5.5).  After  120  years  of  integration  experiment  D  is  near 
equilibrium, whereas experiments A-C still show a small trend for decreasing MOC at the 
end of the model run.  Experiments A and C show similar evolution of the overturning 
streamfunction, presumably because the values of Kd in experiment C over much of the 
water column are close to 2×10
-5 m
2s
-1. Experiment B has the same basin-average Kd as 
experiment C and demonstrates that the uniform mixing is more efficient at sustaining the 
deep inflow. This is in agreement with Scott and Marotzke [2002], who found that mixing 
is most effective at supporting the MOC when it occurs in regions of strong stratification 
(mainly  in  the  upper  water  column).  Experiment  D  equilibrates  much  faster  than 
experiments A-C and shows the largest overturning at year 200.  
For  completeness  a  100-year  model  integration  is  carried  out  using  the  FM 
horizontal and vertical mixing (dashed line of figure 5.5). Since horizontal mixing can 
induce  substantial  diapycnal  mixing  across  sloping  isopycnals,  one  would  anticipate  a 
correspondingly larger overturning circulation. However, after 100 years of integration the 
impact of using the original FM mixing scheme in experiment A is less than 1 Sv.                                                                                                                      Chapter 6: Summary and discussion 
_______________________________________________________________________________________ 
  106 
overturning estimate could then be ranked with the FM and Ganachaud estimates in terms 
of: its compatibility with the model dynamics and, (ii) the required Kd values. 
More work could be done to investigate ways of incorporating the observation-
based  Kd  values  in  the  model.  For  example,  the  method  we  used  removes  any  zonal 
structure and also removes the largest values. One could explore the limits of the data by 
choosing a profile with the largest implied Kd and assume it to be representative of the 
entire Indian Ocean. This would produce a useful upper limit for reference in future model 
experiments.  
  One of the issues we have yet to address in our 200-year model runs is that the 
meridional overturning may not be in steady-state. The ‘1987’ and ‘2002’ configurations 
from chapter 4 could be used to explore this possibility and to investigate the dynamical 
adjustment to a change from 1987 to 2002 boundary conditions. The simplest approach 
would be to run the model forward under the 1987 conditions for some time and then 
impose the 2002 conditions. A more sophisticated approach would be to combine the two 
to produce a periodic southern boundary condition with a 15-year cycle and study the long-
term response of the MOC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 